Sprague Dawley rats from different vendor colonies display divergent responses in a variety of experimental paradigms. An adjuvant-induced arthritis (AA) model of human rheumatoid arthritis was used to examine immune and endocrine responses to inflammatory challenge in Sprague Dawley rats from Charles River and Harlan colonies. Rats were injected with either complete Freund's adjuvant or physiological saline (control), weights, and paw volumes measured over 15 days, and blood and tissue were collected 16 days post-injection. Overall, Harlan rats developed more severe AA than Charles River rats. In addition, despite comparable corticosterone levels, corticosteroid binding globulin levels were lower in Harlan compared with Charles River rats in the absence of inflammation, suggesting that a lower corticosterone reservoir in Harlan rats may underlie their greater susceptibility to inflammation. With increasing AA severity, there was an increase in plasma corticosterone (total and free) and a decrease in corticosteroid binding globulin in both Charles River and Harlan rats. However, contrasting patterns of cytokine activation were observed in the hind paw, suggesting a reliance on different cytokine networks at different stages of inflammation, with Charles River rats exhibiting increased TNF-␣, monocyte chemotactic protein-1 (MCP-1), keratinocyte chemoattractant/growth-regulated oncogene (KC/GRO), and IL-1␤ in the absence of clinical signs of arthritis, whereas Harlan had increased TNF-␣, monocyte chemotactic protein-1, and IL-6 with mild to moderate arthritis. These colony-specific differences in endocrine and immune responses to AA in Sprague Dawley rats must be considered when comparing data from different laboratories and could be exploited to provide insight into physiological changes and therapeutic outcomes in arthritis and other inflammatory disorders. (Endocrinology 156: 4604 -4617, 2015) R ats of the same strain are generally considered comparable, but genetic drift within colonies of a single strain may occur. Significant differences in various measures have been reported among Sprague Dawley (SD) rats from different vendors, including effects of dopamine agonists on sensorimotor gating (1); Pavlovian conditioned behaviors (2); hypoxic responses (3); noradrenergic innervation of the spinal cord (4); neuropathic pain behaviors (5); and metabolic, endocrine, and immune function (6).
R
ats of the same strain are generally considered comparable, but genetic drift within colonies of a single strain may occur. Significant differences in various measures have been reported among Sprague Dawley (SD) rats from different vendors, including effects of dopamine agonists on sensorimotor gating (1); Pavlovian conditioned behaviors (2) ; hypoxic responses (3); noradrenergic innervation of the spinal cord (4); neuropathic pain behaviors (5); and metabolic, endocrine, and immune function (6) .
Using the adjuvant-induced arthritis (AA) model of rheumatoid arthritis (RA) used extensively in immunological research (7), the current study investigated how the endocrine and immune systems of SD rats from two different vendors (Harlan vs Charles River) respond to an inflammatory challenge. Briefly, AA is induced through an intradermal injection of complete Freund's adjuvant (CFA). Inflammation then develops as a result of an immune response against components of the cartilage matrix, initiated by a T-cell response to an exogenous anti-gen, likely a component of a mycobacterial 65 kDa heat-shock protein (8) , thought to contain a cartilage mimicking epitope (9) . This AA model allows examination of a number of parameters, including the percentage of rats that develop inflammation (not all rats will develop AA after adjuvant injection [10] ) and the rate of resolution from inflammation, with these factors depending on dose and site of injection (10) , sex (11) , and strain (12) (13) (14) as well as environmental factors (15) .
Cytokines and hormones of the hypothalamic-pituitary-adrenal (HPA) axis are among the most consistently studied mediators of inflammation. Furthermore, there is significant interplay between the immune and endocrine systems, with shared receptors, ligands, and regulatory feedback mechanisms (16) . Cytokines stimulate the HPA axis after an immune challenge, affecting the release of hormones at the level of the hypothalamus and pituitary gland, which, in turn, has downstream effects on immune function and resolution of inflammation (17) . As a result, changes in communication between cytokines and the HPA axis can impair recovery and lead to and/or exacerbate underlying pathological conditions (18) . In the AA model, plasma corticosterone levels increase with disease onset, whereas the adrenocorticotropic hormone (ACTH) levels decrease and there is a loss of the corticosterone diurnal rhythm (19) . Conversely, in the absence of a functional HPA axis (adrenaletomized animals), AA onset is earlier and more severe, and a fatal course of inflammation often results (20) . In addition to HPA axis activation, cytokines increase in the circulation and synovial tissue during active AA, and strong positive correlations have been described between plasma cytokine levels, joint cytokine levels, and joint circumference (21) . As a result, agents targeting inflammatory cytokines are used clinically for treatment of RA (22) , especially in combination with glucocorticoid-based treatments (23, 24) .
Charles River (Hollister, CA) and Harlan (Indianapolis, IN) SD rats exhibit different endocrine and immune responses to inflammatory challenge with lipopolysaccharide (LPS), turpentine, and IL-1␤, showing unique ACTH and cytokine (IL-6) responses but no differences in the corticosterone response (6) . Moreover, Charles River (Raleigh, NC) SD rats have been shown to have a more pronounced ACTH response to restraint stress when compared to SD rats from Simonsen (Gilroy, CA), with Harlan (Kent, WA) SD rats demonstrating a lack of an ACTH response (25) . Differences in corticosteroid binding globulin (CBG), the major transport protein for glucocorticoids, have not been previously reported in specific rat strains, but the effects of differential plasma CBG levels on inflammatory outcomes are suspected based on differences between strains. For example, Fisher rats exhibit higher plasma CBG and corticosterone levels than Lewis rats (26) , and generally fail to develop arthritis, a finding linked to appropriate stimulation of the HPA axis by inflammatory mediators and subsequent feedback between HPA and immune systems (27) . Based on these findings, the current study tested the hypothesis that differential endocrine and immune responses may underlie the different responses to inflammation of Harlan vs Charles River SD rats.
Materials and Methods

Animals
Adult female SD rats were obtained from Charles River Laboratories International, Inc (St Constant, QC, Canada) and Harlan Laboratories, Inc (Frederick, MD) (n ϭ 29/vendor). Rats were raised in barrier rooms in their respective vendor facilities, under controlled temperatures (21-23°C), with access to autoclaved diets (Charles River Rodent Diet 5075; Harlan Teklad 2018S), and maintained on a 12-hour light, 12-hour dark cycle. Rats were shipped by air under climate-controlled conditions (transport time for Charles River ϳ24 h; Harlan, ϳ24 -48 h) and were pair housed in a colony room on a 12-hour light, 12-hour dark cycle, with controlled temperature (21-22°C) and ad libitum access to standard laboratory chow (Purina Laboratory; Rodent Diet number 5001) and water. All procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of British Columbia Animal Care Committee.
Induction and clinical assessment of AA
Only female rats were used because they exhibit heightened immune responses (28) and increased prevalence of autoimmune disorders (29) , including increased susceptibility to experimentally induced arthritis (30, 31) . On postnatal day 55-60, rats were anesthetized with isoflurane, and each received two 0.05-mL intradermal injections at the base of the tail. Rats were injected with either CFA (n ϭ 7-8 per vendor per dose) or physiological saline (control; n ϭ 6 -7 per vendor). CFA was prepared by grinding Mycobacterium tuberculosis H37 RA (Difco Laboratory) and dissolving the powder in incomplete Freund's adjuvant (15) . Two doses of CFA were prepared initially, 12 mg/mL and 3 mg/mL, resulting in a dose of 1.2 or 0.3 mg/rat. These doses were chosen with the aim of identifying a dose that results in mild to moderate arthritis in approximately 50% of rats from each vendor. At 0.3 mg, none of the Charles River rats showed signs of inflammation on day 15 post-injection; however, approximately 40% of the Harlan rats displayed signs of severe inflammation. As a result, two CFA doses were added, 0.6 mg and 0.2 mg/rat, designed to induce mild to moderate inflammation in the Charles River and Harlan rats, respectively. After the injections, the rats were single housed and weighed, and paw volume was measured using a plethysmometer (IITC Life Science Inc).
On days 6, 9, 11, 13, and 15 post-injection, rats from both the CFA-and saline-injected conditions were anesthetized and weighed, paw volume was measured, and clinical signs of arthritis were assessed (Figure 1) . To calculate the clinical score, each of the four paws was scored on a 0-to 4-point scale (15) . Across doses, rats achieving a clinical score of 8 or greater at any point during the study were classified as developing severe arthritis (Adj/S), whereas rats with a clinical score of 1 or greater but less than 8 were classified as developing mild to moderate arthritis (Adj/M-M).
Termination and tissue collection
On day 16 post-injection, rats were decapitated between 8:00 and 10:30 AM, and trunk blood was collected in polystyrene tubes containing EDTA. Blood was centrifuged and plasma was collected and stored at Ϫ80°C. Hind paws were removed at the level of the tibiotarsal joint, flash frozen in liquid nitrogen, and stored at Ϫ80°C. Vaginal lavage samples were collected and assessed cytologically to determine estrous cycle stage.
Plasma ACTH, corticosterone, and CBG measurements
Plasma ACTH and corticosterone (total) were measured using the ImmuChem double antibody hACTH 125 I radioimmunoassay kit and the ImmuChem double antibody corticosterone 125 I radioimmunoassay kit (MP Biomedicals, LLC), respectively. The minimum detectable concentrations were 5.7 pg/mL for ACTH, and 7.7 ng/mL for corticosterone, with intra-and interassay coefficients of variation of less than 10% for both assays.
The steroid-binding capacity of CBG was measured using a ligand-saturation assay that uses dextran-coated charcoal (DCC) to separate CBG-bound from free [ 3 H]corticosterone (PerkinElmer Life Sciences) (32, 33) . Plasma samples were diluted (1:1500) in phosphate buffered saline and stripped of endogenous steroids by incubation with DCC. Samples were then incubated with 1 nM [ 3 H]corticosterone in the absence or presence of excess corticosterone to monitor nonspecific binding, followed by the measurement of bound [ 3 H]corticosterone after adsorption of free steroid with DCC for 10 minutes at 0°C. All samples were measured in the same assay and the intra-assay variability was less than 10% (33) . The dissociation-rate constant (K d ), was determined by Scatchard analysis at 4°C, in which Charles River and Harlan plasma samples were incubated with increasing amounts of [ 3 H]corticosterone, as described previously (32) .
Levels of CBG-bound corticosterone were calculated using the mass action equation, according to Boksa (34) , using a K d of 45 nM, as determined for rat CBG at 37°C (35) . The CBG-bound corticosterone levels were then used to calculate the free corticosterone levels using the following equation: free corticosterone ϭ (total corticosterone) Ϫ (CBG bound corticosterone).
Serpina6 sequencing
Genomic DNA was isolated from blood lymphocytes using the QIAamp DNA minikit (QIAGEN Sciences). PCR amplification was performed on the rat Serpina6 exons and proximal promoter with specific oligonucleotide primer pairs (Table 1) and Platinum Pfx polymerase (Invitrogen). The PCR products were sequenced and results were analyzed using 4Peaks software (version 1.7.2, mekentosj.com).
Hind paw homogenization
Hind paw samples were manually crushed on dry ice, added to tubes containing 1.3 g garnet and 2 mL cold lysis buffer, and homogenized using an Omni Bead Ruptor 24 (Omni International). The homogenates were sonicated three times (5 sec/cycle) on ice and centrifuged, and the supernatants were stored at Ϫ20°C for protein and cytokine measurements.
Multiplex cytokine immunoassays and protein quantification
Cytokine assays were performed using a custom Meso Scale Discovery rat cytokine 8-plex panel capable of simultaneously measuring IL-1␤, IL-4, IL-6, IL-10, interferon (IFN)-␥, keratinocyte chemoattractant/growth-regulated oncogene (KC/GRO), monocyte chemotactic protein-1 (MCP-1), and TNF-␣ (catalog number N05IA-1; Meso Scale Discovery). Plates were read using . Baseline measurements of body weight, hind paw volume, and clinical score were collected on day 0, and post-injection measurements were collected on days 6, 9, 11, 13, and 15. Tissue and plasma were collected on day 16 post-injection (peak of inflammation).
a Sector Imager 2400 and data analyzed using the Meso Scale Discovery Workbench software version 4.0 (Meso Scale Discovery).
Total protein levels were quantified in hind paw tissue homogenates using the Pierce microplate bicinchoninic assay protein assay kit (Pierce Biotechnology). Tissue cytokine levels were adjusted and reported as picograms of cytokine per milligram of protein.
Statistical analyses
Data were analyzed using ANOVAs for the factors of colony and AA severity or colony and dose, as appropriate, with repeated measures as required, followed by Fisher post hoc tests to examine significant main effects and interactions (significant ANOVA and post hoc P values reported in text; F statistic reported in figure legends). The assumption of sphericity was examined using Mauchly's test and when violated, F values were corrected using Greenhouse-Geisser estimates of sphericity. In line with our hypotheses that Charles River and Harlan rats would differ in severity of inflammation and in hormone and cytokine responses, planned pairwise comparisons were carried out as indicated. Differences were considered significant at P Յ .05, and trends (P Ͼ .05 and P Ͻ .085) were examined, as appropriate. At the 0.3-mg CFA dose, Harlan rats had increasing clinical scores over time, which is indicative of increasing arthritis severity, whereas Charles River rats had little to no inflammatory response at this dose ( Figure 2A ; day ϫ vendor interaction, P ϭ .006). Based on our a priori hypothesis, as well as a trend for a colony difference in the average clinical scores (between-subjects effect, P ϭ .072), planned pairwise comparisons on day 15, at the peak of inflammation, indicated that Harlan rats displayed higher clinical scores than Charles River rats (P ϭ .016), supporting the suggestion of greater arthritis severity in Harlan compared with Charles River rats at the 0.3-mg dose. Comparatively, at the high CFA dose (1.2 mg), colony differences in inflammation were not observed, with both Charles River and Harlan rats showing increasing clinical scores over time ( Figure 2B ; main effect of day, P ϭ .004).
Results
Clinical
There were no colony differences in the proportion of rats within each stage of the estrous cycle in controls (salineinjected) or CFA-injected rats.
Classification of rats by severity of inflammation supports the finding of more severe arthritis in Harlan compared with Charles River SD rats
To further investigate dose-response differences, an additional low CFA dose (0.2 mg) was tested in Harlan rats, and an additional intermediate CFA dose (0.6 mg) was tested in Charles River rats. As noted in Materials and Methods, separate doses were selected for the Charles River and Harlan rats due to the more severe arthritic profile observed in Harlan rats at the 0. A comparison of severity profiles across the three selected CFA doses demonstrates that at the lowest doses tested in rats from each vendor (Charles River: 0.3 mg; Harlan: 0.2 mg), there were no cases of severe arthritis. However, at the other two doses, fewer Harlan (0.3 and 1.2 mg: 13%) than Charles River (0.6 mg: 33%; 1.2 mg: 38%) rats failed to develop clinical signs of arthritis, and there were more cases of mild to moderate arthritis in Harlan (0.3 mg: 50%; 1.2 mg: 63%) compared with Charles River (0.6 mg: 33%; 1.2 mg: 38%) rats. A direct comparison of Charles River and Harlan rats at the 0.3 mg and 1.2 mg doses ( Figure 2 , C and D) also indicates increased AA severity in Harlan rats. At the 0.3-mg dose, 38% of Harlan rats developed severe AA compared with 0% of Charles River rats, and 13% of Harlan rats failed to develop AA compared with 43% of Charles River rats. At the 1.2-mg/mL dose, although similar arthritis profiles were observed for Charles River and Harlan rats at the most severe level of inflammation (Adj/S; 25% for both Charles River and Harlan rats), colony differences similar to those at the lower CFA dose were again observed for rats failing to develop arthritis (Charles River: 38%, Harlan: 13%) as well as for those developing mild to moderate inflammation (Charles River: 38%, Harlan: 63%).
Rats with severe inflammation had decreased weight gain and increased paw volume
Weight and paw volume changes over the course of the experiment (measured on d 0 -15 post-injection) collapsed across dose are shown in Figure 3 . Overall, both body weight and paw volume were significantly higher in press.endocrine.org/journal/endo
Charles River compared with Harlan rats, both on the day of injection and at the peak of inflammation (main effects of colony, P Ͻ .001), and as expected, both body weight and paw volume increased as rats grew throughout the experiment (day ϫ colony interaction, P Ͻ .001). Not surprisingly, rats developing severe arthritis (Adj/S) exhibited reduced weight gain, and increased paw volume, compared with those with no clinical signs of arthritis (control, Adj/NA) or with mild-moderate arthritis (Adj/ M-M) (main effects of AA severity for weight and paw volume, P Ͻ .001).
AA caused an increase in plasma corticosterone and a decrease in CBG in both Charles River and Harlan SD rats but no change in plasma ACTH On day 16, basal plasma ACTH levels were not different between colonies and did not differ by AA severity ( Figure 4A ). Plasma corticosterone levels, however, in- creased with CFA injection (main effect of AA severity, P Ͻ .001; Figure 4B ), with the highest corticosterone levels in Adj/S rats (Adj/S Ͼ control, Adj/NA, P Ͻ .05). Free plasma corticosterone also increased with CFA injection (main effect of AA severity, P Ͻ .001; Figure 4D ) in both Charles River and Harlan SD rats, with patterns of free corticosterone closely paralleling those of total corticosterone. Plasma CBG levels decreased with AA severity (main effect of AA severity, P Ͻ .001), with lowest levels detected in Adj/S rats (Adj/S Ͻ control, P Ͻ .001 for Charles River, P Ͻ .05 for Harlan; Figure 4C ) and were significantly different between colonies, with lower levels overall in Harlan compared with Charles River (main effect of colony, P Ͻ .01). Planned pair-wise comparisons also revealed that even in the absence of AA (control, Adj/NA), CBG levels were significantly lower in Harlan compared with Charles River rats (P Ͻ .05; Figure 4B ). In addition, the overall plasma CBG profile differed between the colonies, with Charles River showing a more marked drop in CBG levels than Harlan rats. With severe arthritis, however, CBG levels did not differ between Charles River and Harlan rats.
Differences in Serpina6 sequences in Harlan and Charles River SD rats
When the Serpina6 coding sequences for CBG were compared in the two SD rat colonies, we found a synonymous single nucleotide transition (CϾT) in exon 2 within the codon for Phe152, and two non-synonymous single nucleotide transitions (AϾG) in exon 4 that cause amino acid substitutions (Ile298Met and Met307Val) in Charles River SD rats. However, there were no sequence differences within the 439-bp proximal promoter region we have defined previously (36) .
Plasma CBG-corticosterone binding affinities are similar in Charles River and Harlan SD rats
To determine whether the difference in CBG coding sequences between Charles River and Harlan SD rats alters CBG-corticosterone binding affinity, plasma samples from control rats from each colony were subjected to Colony-specific differences in free corticosterone levels were not detected. Note: Free corticosterone levels were log transformed for statistical analysis; untransformed corticosterone levels are presented in the figure. Data are presented as mean Ϯ SEM (A-D). Adj/NA: Charles River: n ϭ 14, Harlan: n ϭ 6; Adj/M-M: Charles River: n ϭ 3, Harlan: n ϭ 12; Adj/S: Charles River: n ϭ 4, Harlan: n ϭ 5; control, saline-injected: Charles River: n ϭ 7, Harlan: n ϭ 6. Post hoc: *, P Ͻ .05, **, P Ͻ .01, ***, P Ͻ .001 (comparison with control, unless indicated otherwise); §/ § §, P Ͻ .05, P Ͻ .01, respectively, indicating pairwise comparisons between colonies. E, Scatchard plots indicate no difference in the rate dissociation constant (K d ) between Charles River (K d ϭ 1.15 nM) and Harlan (K d ϭ 1.13 nM) control rats, indicating no difference in CBG-corticosterone binding affinities between colonies.
Hind paw levels of proinflammatory cytokines increased with AA, with Charles River and Harlan SD rats showing different inflammatory profiles
In the hind paw, the levels of five proinflammatory cytokines and chemokines ( Figure 5 , A-E) increased with the development of AA (main effects of AA severity, P Ͻ .002). By contrast, the anti-inflammatory cytokines IL-4 and IL-10 were uniformly undetectable (not shown).
Cytokine profiles differed between colonies ( Figure 5 , A-C). Interestingly, both TNF-␣ and MCP-1 levels (vendor ϫ AA severity interactions, P Ͻ .01 and trend P ϭ .064, respectively) were lower in Harlan than Charles River rats but only in the absence of AA (for both control and Adj/NA, Harlan Ͻ Charles River, P Ͻ .01, with the exception that for MCP-1, for control, trend P ϭ .08). In addition, both TNF-␣ and MCP-1 levels were higher in the Adj/NA compared with the control condition in Charles River rats (P Ͻ .05) but were higher in the Adj/M-M compared with the control condition in the Harlan rats (P Ͻ .001) ( Figure  5, A and B) , indicating colony differences in the overall cytokine patterns, in a disease state-dependent manner. On the other hand, for KC/ GRO, levels were lower overall in Harlan compared with Charles River, independent of AA severity (main effect of colony, P Ͻ .01).
For IL-1␤ and IL-6 ( Figure 5 , D and E), levels increased in all rats receiving CFA injection (main effects of AA severity, IL-1␤: P Ͻ .05, IL-6: P Ͻ .01), regardless of whether clinical signs of arthritis developed (Adj/ NA, Adj/M-M, Adj/S Ͼ controls). However, whereas interactions between AA severity and colony were not detected for either IL-1␤ or IL-6, 
001). E, IL-6 levels increased with arthritis in all Charles
River and Harlan rats that developed clinical signs of arthritis, compared with controls (main effect of AA severity, F [3, 48] ϭ 12.42, P Ͻ .001). F, For IFN-␥, data were non-normally distributed after transformation and were not analyzed statistically (percentage of rats with detectable levels within each severity group indicated on graph). Note: Lower limits of detection (LLOD) for cytokine assay are as follows: KC/GRO, 2.62 pg/mL; IFN-␥, 15.8 pg/mL; IL-10, 38.6 pg/mL; IL-1␤, 6.7 pg/mL; IL-4, 7.8 pg/mL; IL-6, 35.4 pg/mL; MCP-1, 9.3 pg/mL; TNF-␣, 1.7 pg/mL. Cytokine levels were Blom transformed for statistical analysis; untransformed data (pg cytokine/mg total protein) is presented in the figure. Data are presented as mean Ϯ SEM. Adj/NA: Charles River: n ϭ 14, Harlan: n ϭ 6; Adj/M-M: Charles River: n ϭ 3, Harlan: n ϭ 12; Adj/S: Charles River: n ϭ 4, Harlan: n ϭ 5; control, saline-injected: Charles River: n ϭ 7, Harlan: n ϭ 6. Post hoc: *, P Ͻ .05, **, P Ͻ .01, ***, P Ͻ .001 (comparison with control, unless indicated otherwise); §/ § §, P Ͻ .05, P Ͻ .01, respectively; post hoc comparisons between colonies. doi: 10.1210/en. press.endocrine.org/journal/endo 4611 inspection of Figure 5 suggests that the overall increase of IL-1␤ in the Adj/NA condition appears to be driven by Charles River rats, whereas the overall increase in IL-6 in the Adj/M-M condition appears to be driven by Harlan rats. This is consistent with the colony specific changes in TNF-␣ and MCP-1. IFN-␥ levels, although appearing to respond to AA, were not detectable in all animals (percentage of rats with detectable levels indicated in the graph) and thus were not normally distributed and were not analyzed statistically.
Plasma cytokine levels were low under control conditions and in the absence of AA but were increased with AA onset In the plasma, the levels of TNF-␣, MCP-1, KC/GRO, IL-6, and IFN-␥ all generally increased with the development of AA (Figure 6 , A-E). However, the antiinflammatory cytokines measured (IL-4, IL-10), as well as IL-1␤, were uniformly undetectable (not shown). Circulating levels of TNF-␣ ( Figure 6A ), IL-6 ( Figure 6D ), and IFN-␥ ( Figure 6E ) increased with severe AA (Adj/S) but in the control, Adj/NA, and/or Adj/ M-M groups, cytokine levels were low or undetectable. As a result of the low cytokine levels, the percentage of rats with detectable levels within each severity condition are indicated on the graphs and the data were not analyzed statistically.
By contrast, MCP-1 levels increased with CFA injection ( Figure  6B ; main effect of AA severity, P Ͻ .001), and KC/GRO levels increased with severe AA ( Figure 6C ; main effect of AA severity, P Ͻ .01). In addition, KC/GRO levels were lower overall in Harlan compared with Charles River rats (main effect of colony, P Ͻ .01).
Discussion
Our data demonstrate differences in both the incidence and severity of inflammation and the endocrine and immune response after the CFA injection in SD rats obtained from Charles River and Harlan Laboratories. Overall, we found that Harlan rats were more susceptible to inflammation, developing a more severe course of arthritis at lower doses of CFA, compared with Charles River rats. In addition, while rats from both vendors showed increas- Figure 6 . Levels of cytokines in the plasma at the peak of inflammation (d 16 post-injection). TNF-␣ (A), IL-6 (D), and IFN-␥ (E) generally increased in rats with arthritis but were low or undetectable in most disease states other than severe AA (Adj/S), were not normally distributed, and were not analyzed statistically (percentage of rats with detectable levels within each severity group is indicated on the graph). B, MCP-1 increased with CFA injection in both Charles River and Harlan rats (main effect of AA severity, F [3, 48] ϭ 9.68, P Ͻ .001). C, KC/GRO levels only increased with severe AA (main effect of AA severity, F [3, 48] ϭ 6.00, P Ͻ .01) and overall were lower in Harlan than Charles River rats (main effect of colony, F [1, 48] ϭ 9.21, P Ͻ .01; § §). Note: Lower limits of detection (LLOD) for cytokine assays are as follows: KC/GRO, 3.3 pg/mL; IFN-␥, 104.0 pg/mL; IL-10, 32.2 pg/mL; IL-1␤, 23.5 pg/mL; IL-4, 8.26 pg/mL; IL-6, 74.4 pg/mL; MCP-1, 5.27 pg/mL; TNF-␣, 12.6 pg/mL. Cytokine levels were Blom transformed for statistical analysis; untransformed data (pg cytokine/ml) are presented in the figure. Data are presented as mean Ϯ SEM. Adj/NA: Charles River: n ϭ 14, Harlan: n ϭ 6; Adj/M-M: Charles River: n ϭ 3, Harlan: n ϭ 12; Adj/S: Charles River: n ϭ 4, Harlan: n ϭ 5; control, saline-injected: Charles River: n ϭ 7, Harlan: n ϭ 6. Post hoc: *, P Ͻ .05, **, P Ͻ .01, ***, P Ͻ .001 (comparison with control, unless indicated otherwise); § §, P Ͻ .01, post hoc comparisons between colonies.
ing corticosterone levels with the development of AA, Harlan had lower CBG than Charles River rats in the absence of arthritis (control and Adj/NA groups). As a result, the decrease in plasma CBG that occurs with the development of arthritis was less pronounced in Harlan rats. Moreover, Harlan and Charles River rats exhibited differential cytokine patterns with inflammation in the hind paw. Whereas the SD rats from both colonies showed the highest cytokine/chemokine levels with severe inflammation, Charles River rats responded at lower levels of AA severity. That is, Charles River rats generally showed an increase in cytokine levels to the challenge of CFA injection, even in the absence of clinical signs of arthritis (Adj/ NA), whereas Harlan rats generally showed an initial increase only with mild-moderate arthritis. These data suggest that colony-based differences in endocrine and immune measures not only serve as a sensitive index of inflammation but that these differences could be exploited to understand factors responsible for differential responses to inflammatory challenges in general.
Both Charles River and Harlan rats showed increasing basal total and free corticosterone with increasing AA severity, likely due to increased levels of proinflammatory cytokines driving increased HPA axis activity and a loss of the corticosterone diurnal rhythm (19) . With the development of severe arthritis, there was also increased variability in corticosterone levels, a finding common to the AA model (37) (38) (39) , and likely occurs as a result of individual differences in the severity of arthritis. Of note, differential corticosterone profiles were detected between Charles River and Harlan SD rats, with Charles River rats displaying increased mean corticosterone levels (total and free) in the absence of clinical signs of AA (Adj/NA), whereas Harlan rats had a more stepwise increase in corticosterone levels with increasing AA severity, although these differences failed to reach statistical significance. Interestingly, however, the corticosterone profiles mimic the colony-specific cytokine responses discussed below, with Charles River rats showing increased cytokine levels in the Adj/NA group, compared with a stepwise cytokine increase with increasing AA severity for Harlan rats. Importantly, differences in CBG levels were also detected, with lower CBG in Harlan than Charles River rats under control conditions and in rats with no clinical signs of arthritis (Adj/NA group). This difference may in part explain previous findings of differences in ACTH levels seen after the administration of LPS and turpentine in rats from the same SD colonies studied here (6) . Plasma CBG levels were not measured in the latter study, but large increases in plasma corticosterone were observed in all rats treated with LPS or turpentine, irrespective of the SD colony. If CBG levels were different between colonies, as we have now observed, it would be expected that the lower levels of CBG in Harlan SD rats would lead to higher free corticosterone levels, which would be available to feedback onto ACTH, thus explaining the lower ACTH levels in Harlan compared with Charles River SD rats (6) . In addition, higher CBG levels in Charles River SD rats could explain why they have increased levels of basal corticosterone (6) because more of the steroid would be bound to CBG. In the present study, although ACTH levels were not statistically different between colonies, mean ACTH levels were lower in Harlan compared with Charles River rats in the Adj/S condition, which may also be suggestive of colony differences in the overall HPA activity.
Differences in the baseline CBG levels between Harlan and Charles River SD rats were not due to differences in CBG steroid-binding affinity despite the presence of two amino acid differences in their CBG sequences. There were also no differences between the two colonies of SD rats in their Serpina6 proximal promoter sequences that contain a CCAAT/enhancer-binding protein-␤ regulatory site known to be important for the acute phase response (40, 41) , Therefore, although we cannot exclude the possibility that the differences in the CBG coding sequences alter the secretion rates of CBG from hepatocytes in vivo, it is possible that differences in transcription factor levels or differences in regulatory sequences outside of the proximal promoter sequence might account for this.
Lower plasma CBG levels in Harlan rats suggest a lower corticosterone reservoir, which could play a key role in the observed increased susceptibility to the immune challenge. It is known that human CBG is targeted by proteases such as neutrophil elastase (42), significantly decreasing its binding capacity for glucocorticoids and allowing for their targeted delivery at sites of inflammation. Immunoreactive CBG degradation products have also been observed in wound fluids of rats subjected to thermal injury (43) . Thus, the larger corticosteroid reservoir in the Charles River SD rats may function to more effectively deliver corticosterone to sites of inflammation and result in reduced inflammation in these rats. Of note, with the development of arthritis, CBG levels decreased in SD rats from both colonies, with significant differences in CBG levels detected between controls and rats with severe arthritis. In the severe arthritis state, when CBG levels are significantly lower and total corticosterone levels are significantly higher, there was a substantial increase in free corticosterone, which would also be available at target tissues. The decrease in the plasma CBG levels observed with increasing arthritis severity in both Charles River and Harlan SD rats may reflect either an increase in the plasma clearance of CBG (44) and/or a decrease in hepatic CBG production in response to increases in the plasma levels of doi: 10.1210/en.2015-1497 press.endocrine.org/journal/endo 4613 corticosterone (45) and proinflammatory cytokines (46) . In support of the latter, it has been shown that IL-6 decreases CBG levels, likely through decreased stability of CBG mRNA (47) , with TNF-␣ also causing a decrease in plasma CBG levels (48) .
To investigate the possible role of differential activation of cytokine networks in mediating the responses to AA in Charles River and Harlan rats, a subset of key pro-and anti-inflammatory cytokines were quantified in the hind paw and plasma. Activated immune cells produce a wide array of cytokines, which in turn activate other immune cells, resulting in the production of a complex cytokine network, the regulation and dynamics of which are still not yet fully understood (49) . With AA and RA, cytokine production leads to matrix metalloproteinase production and osteoclast activation, resulting in the characteristic symptoms of bone destruction and extracellular matrix breakdown (50) .
Examination of cytokine levels in the hind paw revealed, as expected, increased levels of proinflammatory cytokines with AA in SD rats from both colonies, with undetectable levels of anti-inflammatory cytokines (IL-4, IL-10) in all rats. However, although Charles River and Harlan SD rats showed similar cytokine/chemokine levels under conditions of severe inflammation, subtle but important differences in hind paw cytokine response profiles were detected for TNF-␣, KC/GRO (CXCL1), and MCP-1 (CCL2). In general, TNF-␣ is involved in systemic inflammation, specifically the acute phase reaction, and is mainly produced by macrophages, whereas KC/GRO and MCP-1 are inflammatory chemokines, KC/GRO being a chemoattractant for neutrophils and MCP-1 being a chemoattractant for monocytes. Increases in TNF-␣, KC/GRO, and MCP-1 in the AA paradigm are well established (8, 21, 51) , and all three cytokines are critically involved in RA pathogenesis. TNF-␣, KC/GRO, and MCP-1 are elevated in synovial fluid of patients with RA (52-55), and anti-TNF agents are currently widely used in RA therapeutics, with agents targeting the KC/GRO pathway also generating interest (49, 54, 56, 57) . Interestingly, differences in TNF-␣ and MCP-1 levels in Charles River vs Harlan SD rats were detected both under control conditions and in adjuvant-injected rats that did not develop arthritis (Adj/ NA) but not under conditions of active inflammation (Adj/ M-M and Adj/S), whereas KC/GRO levels were lower overall in the Harlan compared with the Charles River rats.
In the plasma, cytokine levels generally increased with AA; however, levels were lower than in the hind paw, with low/undetectable levels for a number of plasma cytokines (TNF-␣, IL-6, IFN-␥) in the control, Adj/NA and/or Adj/ M-M groups. Similar to what was observed in the hind paw, KC/GRO levels were lower in the plasma of Harlan compared with the Charles River rats. In addition, Charles River rats in the Adj/NA condition had stronger TNF-␣ and IFN-␥ responses than those in the Adj/M-M condition, again paralleling results in the hind paw. As well, the overall plasma cytokine response for KC/GRO and MCP-1 in Harlan animals appears to be lower than that of Charles River animals, with the increase in cytokine levels seen with increasing AA severity likely driven by the response in Charles River rats. Although not analyzed statistically, Harlan rats also appear to produce less IFN-␥ and IL-6 than Charles River rats with severe arthritis.
Few studies have probed for colony-based differences in the cytokine response to challenge in a single rat strain (6), but our findings are consistent with more extensive evidence of differential cytokine activation in response to AA in rats from different strains. For example, Banik et al (14) found that whereas the administration of a CFA dose of 0.6 mg/rat to Lewis rats resulted in AA in 100% of rats, there was little to no effect in Wistar and SD rats (14) . Even increasing the doses to 1.0 -1.2 mg/rat resulted in AA in only 58% and 45% of Wistar and SD rats, respectively (14) . Similarly, whereas Lewis rats generally develop more severe AA than SD rats (58) , time-course analysis of serum levels of TNF-␣ has revealed enhanced TNF-␣ levels in SD (Laboratory Animal Unit, University of Hong Kong, China) over Lewis rats throughout the disease course (12) , suggesting that TNF-␣ is a critical component of the cytokine network in response to AA in SD rats. Moreover, we found increased levels of a number of cytokines in SD rats that did not develop clinical signs of arthritis, including TNF-␣, MCP-1, KC/GRO, and IL-1␤. Specifically, we found that TNF-␣ and MCP-1 levels were higher in Charles River than Harlan rats but only in the absence of inflammation (Adj/NA, control). In addition, there were differential TNF-␣ and MCP-1 profiles between colonies: Charles River rats had increased TNF-␣ and MCP-1 levels in the Adj/NA compared with control condition, whereas Harlan rats had increased levels TNF-␣ and MCP-1 levels in the Adj/M-M compared with control condition. Furthermore, although statistical interactions between colony and AA severity were not detected for IL-1␤ and IL-6, the data suggest that the overall increase in IL-1␤ in rats with no clinical signs of arthritis (Adj/NA) is driven primarily by the response in Charles River rats, whereas the overall elevation in IL-6 in rats with mild-moderate arthritis (Adj/ M-M) is driven primarily by the response in Harlan rats, a finding that parallels the differences detected in TNF-␣ and MCP-1 profiles. These divergent cytokine profiles between Charles River and Harlan rats suggest that they may rely on different cytokine networks and do so in a disease state-dependent manner.
The finding that even in the absence of clinical signs of arthritis, important physiological differences were observed in a single strain of rat obtained from different vendors is novel and important. Rarely have cytokine levels been assessed in the absence of clinical signs of AA, with measurements more commonly made only in rats developing overt signs of AA and/or by collapsing across groups to simply include a CFA-injected vs a control group. However, our findings of differences in the TNF-␣ and MCP-1 responses in Charles River vs Harlan SD rats to preclinical AA highlight the importance of separating out these disparate states of preclinical vs clinical inflammation and suggest that the same cytokines may differentially mediate severity of inflammation in rats from the two colonies. Furthermore, preclinical levels of cytokines and other proteins are used as biomarkers and predictors of disease status in RA (59) , and our findings on preclinical inflammation, unmasked by using colony specific differences, may provide important insight into the human condition.
Whereas we have shown genetic differences between Charles River and Harlan rats, supporting the hypothesis that genetic drift has occurred between these two SD rat populations, the role of environmental factors, such as diet, early-life rearing conditions, and shipping conditions, cannot be discounted. These environmental factors are all known to impact physiological parameters and naturally differ between vendors. Although early-life environmental conditions may be affecting the epigenetic regulation of endocrine and immune genes (60, 61) , the finding of genetic differences between Charles River and Harlan rats supports a genetic drift, with further genetic investigation required to determine the extent of the genetic differences.
Although our studies provide only correlative evidence of colony differences in endocrine and immune function, as well as genetic differences between colonies, the greater severity of inflammation observed in Harlan vs Charles River rats, together with differential plasma CBG levels and patterns of cytokine activation, is novel and provides a foundation for future mechanistic studies. Furthermore, our findings indicate that in addition to strain, the breeding colony of rats must be taken into account in both the experimental design process and the interpretation and generalization of published literature because it may explain conflicting physiological/neurobiological findings reported by different laboratories using SD rats. SD rats are considered a standard and reliable model for RA, being an outbred strain with a heterogenic background, which allows for evaluation of possible genetic factors involved in inflammation and response to treatment (12) . Our data demonstrate that the colony of origin should also be considered in the evaluation of anti-arthritic agents. Moreover, rather than viewing colony differences as a limitation, the present data suggest that differences between SD rats from different colonies could be used as a powerful tool for revealing differential endocrine and immune factors underlying inflammation and to provide insight into the pathophysiology of and treatment strategies for RA.
